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ABSTRACT OF THE THESIS
Investigating the carbon concentrating mechanism of the marine diatom
Phaeodactylum tricornutum through kinetic modeling and gene expression analysis
by
Sarah Vaccaro
Master of Science in Bioengineering
University of California, San Diego, 2017
Professor Bernhard Palsson, Chair
Marine diatoms play a critical role in the global carbon cycle, where they are
responsible for 20% of all primary production. RubisCO, the rate limiting enzyme in
carbon fixation, has a half-saturation constant many times higher than oceanic CO2
concentrations. In order to overcome this limitation, diatom species have evolved a
diverse array of highly efficient carbon concentrating mechanisms. Increasing our
understanding of these mechanisms provides a foundation to improve genetic engineering
of these organisms for biofuel production and increased carbon sequestration, as well as
a basis to potentially improve the efficiency of photosynthesis in terrestrial plants.
x
In this study, the carbon concentrating mechanism of the diatom species Phaeo-
dactylum tricornutum is investigated through kinetic modeling of potential pathways
and analysis of differential gene expression of CCM-related genes. An existing kinetic
model is rebuilt and expanded to explore proposed carbon-concentrating mechanisms
and provide predictive values of carbon fluxes through the system at varying external con-
ditions. The feasibility of each of three potential mechanisms is evaluated. Through gene
expression analysis, potential major regulators of the carbon concentrating mechanism
are identified.
This investigation finds that the presence of bicarbonate transporters on the
plasmalemma, CER, and chloroplast membranes is needed for the CCM to achieve
expected carbon uptake and photosynthetic fluxes, but a bicarbonate transporter on the
PPC membrane is not necessary. Additionally, the down-regulation of a chloroplast-
membrane targeted bicarbonate transporter at sub-atmospheric CO2 indicates that a
secondary CCM pathway takes over under low carbon stress.
xi
Chapter 1
Introduction
1.1 Background
Diatoms are a diverse group of unicellular eukaryotic phytoplankton, estimated
to comprise at least 100,000 species [1]. In addition to their role as the basis of the
marine food web, diatoms serve a critical role in the global carbon cycle. As major
primary producers, diatoms are responsible for 20% of global carbon fixation and oxygen
production – equalling or exceeding the primary production of all the Earth’s rainforests
[2]. Diatoms came to prominence in the oceans 251-65 million years ago during the
Mesozoic Era, and are likely to have played a significant role in reducing atmospheric
CO2 and increasing O2 toward modern levels [3].
As rising atmospheric carbon levels increasingly become a concern, plans have
been explored to encourage larger and more frequent diatom blooms through iron fertil-
ization of the oceans. Experimental observation has found that diatom blooms lead to
greater carbon sequestration, with diatom biomass sinking to the bottom layers of the
ocean as the organisms die and eventually sedimenting in the sea floor [4]. Diatoms have
also been identified as targets of genetic engineering for biofuel and other lipid produc-
1
2tion [5, 6, 7]. The efficiency of carbon concentrating mechanisms (CCM) in diatoms
may inspire genetic engineering processes to improve carbon metabolism efficiency in
terrestrial plants as well. Understanding the metabolic processes behind diatom carbon
fixation has significant implications in efforts to manage the effects of rising atmospheric
carbon due to climate change.
1.2 Phaeodactlyum tricornutum
The marine pennate diatom Phaeodactylum tricornutum is among the best studied
diatom species. It is the second diatom species to have had its genome fully sequenced,
its genome and metabolism have been characterized in the creation of a genome-scale
model, and a protocol for genetic transformation has been well characterized [8, 9, 10].
It is studied as a representative diatom due to its ease of culture and rapid growth [11]. P.
tricornutum is unique among diatoms in that it does not require silica for growth, and
thrives in unstable coastal environments [11].
1.3 Necessity of a carbon concentrating mechanism
The fundamental reaction of carbon fixation, in which inorganic CO2 is added to
ribulose-1,5-bisphosphate (RuBP) to produce 3-phosphoglycerate (3-PGA), is catalyzed
by the enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO) through the
reaction:
RuBP+CO2+H2O
RubisCO−−−−−→ 2 3-PGA
RubisCO is thought to be the most abundant enzyme on earth, not only because
of its necessity for life but also the large volume required per cell due to its relatively
3slow turnover rate and inefficiency as an enzyme [12]. This reaction is the rate-limiting
step in the light-independent reactions of photosynthesis [13].
In addition to its carboxylase activity, RubisCO catalyzes a wasteful oxygenase
reaction:
RuBP+O2+H2O
RubisCO−−−−−→ 3-PGA+2-PG
Instead of producing the desired 2 molecules of 3PG for use in the Calvin cycle,
the oxygenase reaction produces one 3-PGA and one 2-phosphoglycolate (2-PG) for each
O2 consumed. The 2-PG then goes through a process known as photorespiration, in which
energy is expended only to release carbon as CO2 and nitrogen as ammonia. Further
energy must then be expended to re-assimilate the carbon and nitrogen to useful forms
[14]. While diatom RubisCO has a higher specificity for CO2 than for O2, particularly
in comparison to land plants, it remains important to consider that CO2 levels must be
elevated relative to O2 in the presence of RubisCO to prevent photorespiration from
occurring.
A study carried out by Young et al. (2016) measured RubisCO kinetics of eleven
marine diatom species. Measured values include the values of enzyme specificity for
CO2 over O2 (SC/O), maximum carboxylation rate (kCcat) and the Michaelis constant
for CO2 (KC). These values were found to vary widely by species, but all showed a
positive correlation between KC and KO, such that as specificity to CO2, is reduced, so is
specificity for O2. This specificity plays a valuable role in limiting photorespiration, and
appears to be as consistent in existing marine diatoms as it is in terrestrial plant species.
The variation in RubisCO kinetics observed indicates that a variety of CCMs may exist
across the different diatom species studied [15].
In order for the RubisCO-catalyzed reaction to proceed, CO2 concentration
4around RubisCO must be high enough in comparison to O2 concentration to minimize
oxygenase activity, and also approach enzyme saturation levels to fix CO2 at the maximal
rate. For the diatom species of interest, P. tricornutum, the Michaelis half-saturation
constant is approximately 41 µM CO2 – several times greater than the typical seawater
concentration of 10-12 µM [15]. Thus, some manner of carbon concentrating mechanism
must be taking place within the cell to concentrate inorganic carbon in the presence of
RubisCO.
In organisms with a CCM, RubisCO is typically localized to a non-membrane
bound organelle known as the pyrenoid, which is located within the chloroplast. The
chloroplast of diatoms is surrounded by a four-layer membrane system, the result of a
secondary endosymbiotic event of a red alga (Figure 1.1) [3]. These membranes are
the chloroplast endoplasmic reticulum (CER) membrane, periplastidal compartment
(PPC) membrane, outer envelope membrane, and inner envelope membrane (chloroplast
membrane). While all membranes are permeable to CO2, only the outer envelope
membrane is permeable to HCO−3 . Dissolved inorganic carbon from the ocean must
traverse all four layers of the chloroplast envelope, in addition to the cellular plasma
membrane, to reach RubisCO at the pyrenoid for fixation.
1.4 Carbon concentrating mechanism in P. tricornutum
There has been some debate over the form of carbon concentrating mechanism in
P. tricornutum. A C4 mechanism, in which a 3-carbon acid is carboxylated to a 4-carbon
acid intermediate before decarboxylation to release CO2 around RubisCO, has been
shown as part of the CCM in the diatom species Tha lassiosira weissflogii [16]. After
the genome of P. tricornutum was fully sequenced, Kroth et al. (2008) identified that all
genes necessary for a C4-like metabolism were present, and developed a model based
5(a)
(b)
Figure 1.1: Diatoms formed as the result of secondary endosymbiosis. (a) Endosym-
biosis of a cyanobacterium by a heterotrophic cell results in autotrophic organisms,
such as red algae. (b) Secondary endosymbiosis of the autotrophic red algae results in
organisms such as diatoms. The complex four-layered chloroplast envelope consists of
the CER membrane, PPC membrane, chloroplast outer envelope membrane (OEM) and
chloroplast inner envelope membrane (IEM). Only the chloroplast OEM is permeable
to HCO−3 .
on the localization of these genes. Prior studies had shown that phosphoenolpyruvate
carboxykinase (PEPCK), an enzyme which produces CO2 and phosphoenolpyruvate
(PEP) from oxaloacetate (OAA) is co-localized with RubisCO within the plastid in some
diatom species, thus providing a pathway for the needed CO2 elevation at RubisCO
[17, 16]. Additionally, upon treatment with 5 mM 3-mercaptopicolinic acid (3-MPA), a
known PEPCK inhibitor, P. tricornutum ceased net CO2 fixation and O2 evolution, while
inhibition of phosphoenolepyruvate carboxylase (PEPC) reduced O2 evolution by 62%
[18].
6However, PEPCK in P. tricornutum is not plastid-targeted, and the toxicity of
3-MPA at 5 mM is unknown [19]. Further, the NAD-dependant malic enzyme which
produces CO2 and pyruvate through decarboxylation of malate, was localized to the
mitochondria. This alternative CO2 production pathway is 6 membranes away from
RubisCO in the plastid, and the presence of carbonic anhydrases (CAs) in compartments
between the mitochondria and the plastid would convert much of the CO2 to HCO−3 before
reaching RubisCO, negating the C4 mechanism [19]. Providing further evidence against
a C4 mechanism of carbon concentration, Haimovich-Dayan et al. (2012) performed
an RNA-interference knockout of the plastid-targeted enzyme pyruvate-orthophosphate
dikinase (PPDK), which catalyzes the formation of PEP from pyruvate. It was found that
the wild-type (WT) and knockout samples had identical growth rate and, in varying light
intensities, showed similar photosynthetic behavior. This study concluded that while
C4 enzymes present may play a role in maintaining pH homeostasis and minimizing
damage from excess light energy, and very well may be the carbon fixing pathway in
some diatoms, carbon fixation in P. tricornutum does not rely on a C4 route [20].
With a C4 route apparently unlikely, another CCM must be considered. A
mechanism that has been proposed, first described by Hopkinson (2014) as a chloroplast
pump model, makes use of bicarbonate transporters and carbonic anhydrases to provide
a constant influx of CO2 to RubisCO at the pyrenoid [21]. The greatest carbon flux in the
chloroplast pump model occurs as HCO−3 is actively transported into the chloroplast. This
is able to exceed net DIC uptake of the cell at the same time, as excess CO2 produced by
CA at the pyrenoid diffuses out of the chloroplast and is rehydrated back into HCO−3 by
CA outside of the chloroplast [22]. The recycling role performed by CA minimizes DIC
leakage out of the cell, and provides a constant elevated DIC concentration for transport
into the chloroplast. It is a far simpler and more efficient mechanism that the previously
described C4-like model, and there is a great deal of both experimental and genomic
7evidence available to support it.
1.4.1 Inorganic carbon uptake
It has been shown experimentally that P. tricornutum takes up DIC as both CO2
and HCO−3 at typical oceanic conditions, with CO2 being the species of major flux,
and HCO−3 taken up at a lower rate [23, 24, 25]. CO2 is able to diffuse through lipid
membranes, following a concentration gradient, but HCO−3 requires active transport
[21]. There is also evidence available that sodium (Na+) is necessary for photosynthetic
oxygen evolution in the species, specifically as a cofactor in HCO−3 uptake by the cell
[26, 23].
Genomic analysis has revealed that several putative solute carrier (SLC) coding
genes are present in P. tricornutum [19, 27]. Nakajima et al. (2013) found that several of
these genes have significant homology to human SLC4 family bicarbonate transporters,
and three (PtSLC4-1, PtSLC4-2, PtSLC4-4) are transcriptionally repressed in high CO2
environments. One of these, PtSLC4-2, has been localized to the plasmalemma and con-
firmed to act as a sodium-dependent HCO−3 cotransporter or HCO
−
3 /Cl
− exchanger [27].
The chloroplast pump model posits that other SLC4 family transporters are responsible
for internal HCO−3 transport into the chloroplast as well [21].
1.4.2 Carbonic anhydrase localization and expression
Carbonic anhydrase (CA) is a ubiquitous enzyme, and among the fastest enzymes
known [28]. CA catalyzes the otherwise slow interconversion of CO2 and HCO−3 through
the reaction:
HCO−3 +H
+ CA←→ CO2+H2O
8In order for CO2 to diffuse into a cell and across membranes, as we see in P.
tricornutum, there must be a concentration gradient. There are two ways that CA can
provide this gradient. Externally, CA can elevate CO2 concentrations surrounding the
enzyme well above internal concentrations. Alternatively or additionally, internal CA
can act to rapidly draw down CO2 into equilibrium with HCO−3 , thereby lowering the
intracellular CO2 concentration and creating the concentration gradient. Under the
assumption that HCO−3 is actively transported intracellularly toward RubisCO, the HCO
−
3
pool in a given compartment will be continuously depleted, maintaining a CO2 flux as
long as CA and HCO−3 transporters remain active.
External CA exists in many studied diatom species, but experimental analysis,
using the non membrane-permeable CA-specific inhibitor acetazolamide (AZA), has
found that external CA is not present in all strains of P. tricornutum [29, 30]. Where it is
present, internal CA activity still accounts for 80% or more of total CA activity in all but
one strain analyzed [30]. The strain used to characterize the chloroplast pump model,
CCMP632, does not display external CA activity, and thus external CA is not included in
the model [22].
The presence of internal CAs is well validated in all strains of P. tricornutum.
A genomic search by Tachibana et al. (2011) revealed nine putative CA genes, two
of which had been previously identified and had CA activity confirmed (PtCA1 and
PtCA2) [31, 29, 32]. Localization carried out in this study showed that PtCA1 is found
compartmentalized centrally within the pyrenoid. It is theorized that PtCA2 exists in
that same space. Among the other putative CAs, one was localized to the mitochondria
where it would not contribute directly to a CCM, while two are localized to the PPC and
three to the CER. Notably, none were localized to the cytoplasm or chloroplast stroma
[31]. An additional CA has since been localized to the pyrenoid-penetrating thylakoid
and found essential for growth [33]. This CA may play a role supplying CO2 as part of
9the CCM, as well as maintaining pH and regulating photosystems [33].
Chapter 2
Methods
2.1 Kinetic model construction
All modeling work was completed in Mathematica using the MASS Toolbox
kinetic modeling package (https://github.com/opencobra/MASS-Toolbox).
2.1.1 Recreating an established model
To begin, a model was constructed using the parameterization provided by Hop-
kinson (2013) in the Base+P+CO2 chloroplast pump model. This model consists of 4
compartments (extracellular, cytoplasm, chloroplast, pyrenoid), with HCO−3 actively
transported at the cellular and chloroplast membranes but diffusing into the pyrenoid,
and carbonic anhydrase present in the cytoplasm and pyrenoid [34]. The custom rate
law function was used to include Michaelis-Menten parameters for HCO−3 transport and
RubisCO reactions. Mass action parameterization was used for CO2 diffusion across
all membranes, HCO−3 diffusion into the pyrenoid, carbonic anhydrase reactions and
non-catalyzed CO2/HCO−3 interconversion in the external solution. The equilibrium
constant for CO2/HCO−3 was calculated according to the formula of Roy et al. (1993) as
10
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adapted by Zeebe and Wolf-Gladrow (2001) [35, 36]. The pH of each compartment was
set as constant, and RuBP was included at a non-rate-limiting concentration.
Adjustments were made to parameterization of this model in order to achieve
the photosynthesis and carbon uptake rates measured by Hopkinson (2013). Where
Hopkinson’s Base+P+CO2 model made adjustments to literature values to better match
experimental data, those same parameters were adjusted back toward literature values
where possible within this model [34].
2.1.2 Modeling external conditions
Separately, a model of the external conditions was created. Marine diatoms
are typically cultured in Guillard’s F/2 medium with bubbled air, which is an enriched
solution of filtered or artificial seawater [37]. For the purposes of describing carbon
flux, only the species and reactions present in seawater are necessary to model, and
are included in the as referenced in Tables 2.1 and 2.2. Rather than including buffer
metabolites and reactions, external H+ concentration is set as constant. Henry’s law states
that CO2 concentration in solution is proportional to CO2 levels in the air it contacts,
by a factor known as Henry’s constant (K0) [38]. Henry’s constant for CO2 in seawater
was calculated using the formula of Weiss (1974) as recommended by Zeebe and Wolf-
Gladrow (2001) [39, 36]. Gas exchange at the air-gas interface was modeled using the
mass transfer coefficient (kLa), as measured by Carvalho and Malcata (2001) for air
bubbled into microalgal cultures [40]. These values were adapted for use in a mass action
formula. All extracellular reactions were parameterized in the model using mass action
kinetics.
The cellular uptake and intracellular reactions and metabolites from the recreated
Hopkinson model were added to the F/2 culturing solution model, allowing for simulation
of CCM behavior at varying experimental conditions with bubbled in CO2. For all
12
Table 2.1: The metabolites used in modeling external dissolved inorganic carbon
conditions of Guillard’s F/2 artificial seawater medium with bubbled in air. Initial
concentrations of carbon species are calculated at 20°C and salinity of 35, with total
DIC of 2000 µM and pH set at a constant of 8.02
Metabolite Initial Concentration (µM)
CO2 12.8
HCO−3 1776.1
CO2−3 211.1
B(OH)3 320
B(OH)−4 100
OH− 10.0
H+ 0.08
Table 2.2: The reactions used in modeling external dissolved inorganic carbon con-
ditions of Guillard’s F/2 artificial seawater medium with bubbled in air. Rate and
equilibrium constants are calculated at 20°C and salinity of 35. Values are calculated
according to formulas recommended by Zeebe and Wolf-Gladrow [36].
Reaction Rate Constant Equilibrium Constant
CO2[a]↔ CO2[e] 3.781E-06 3.241E-02
CO2+H2O↔ HCO−3 +H+ 2.376E-02 1.251E-06
CO2+OH−↔ HCO−3 3.436E+03 3.258E+07
CO2−3 +H
+↔ HCO−3 5.000E+10 1.024E+09
HCO−3 +OH
−↔ CO2−3 +H2O 6.000E+09 2.544E+04
H2O↔ H++OH− 1.400E-03 3.839E-14
B(OH)+3 +OH
−↔ B(OH)4 9.005E+06 5.750E+04
CO2−3 +B(OH)
+
3 +H2O↔ B(OH)4+HCO−3 5.997E+06 2.260E+00
subsequently built models, both a direct DIC content and full culturing condition model
were created.
2.1.3 Model expansion to include the chloroplast envelope compart-
ments
For modeling purposes, the four-layered chloroplast envelope can be treated as
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three layers, with the chloroplast outer envelope being fully permeable to both CO2 and
HCO−3 . The intramembrane space between the chloroplast outer and inner membranes in
this study will be treated implicitly as part of the PPC.
The model was next expanded to include a single compartment between the
cytoplasm and chloroplast stroma, representing the CER and PPC as a combined com-
partment. This was designed after the updated model presented by Hopkinson, Dupont
and Matsuda (2016), and accounts for the lack of evidence for CA in the cytoplasm [41].
To determine the volumes of the CER and PCC, published photomicrographs of
P. tricornutum were used. The width of the region between membranes was measured and
the average was used. These widths was added to the chloroplast dimensions presented
by Hopkinson et al. (2011), approximating the compartment shapes and volumes as
concentric shells around two prolate spheroid lobes of the chloroplast [22].
In the model, CA activity was relocated from the cytoplasm to the new compart-
ment. The rate constant for CA activity in the compartment was scaled to the volume of
the CER/PPC combined compartment.
Reactions were added for HCO−3 and CO2 flux at the new CER membrane.
The HCO−3 maximum uptake rate and half-saturation constants for transport into the
CER/PPC compartment were set equal to the values for uptake into the chloroplast,
assuming the same or similar SLC4 transporter is present at this membrane. The mass
transfer coefficient of CO2 across the CER membrane into the compartment was set
initially to the same as the chloroplast coefficient, under the assumption that membrane
properties are similar and any difference of volume between the CER and chloroplast is
negligible in terms of its effect on the transfer coefficient.
After simulation under the initial parameters, adjustments were made to achieve a
better fit. The cellular RubisCO content (mR) was decreased from 7.0e-18 moles per cell
to the experimentally derived literature value of 6.3e-18 moles per cell. The mass transfer
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coefficient of CO2 into the CER was decreased by one-third, only slightly outside the
range predicted by Hopkinson for chloroplast uptake [22].
Next the combined compartment was separated into distinct CER and PPC com-
partments to allow for more complete modeling of the complexity of the chloroplast
envelope membrane system and possible transporter scenarios. CA activity was carried
over in both compartments, with rate constants scaled to compartmental volumes and
divided between the compartments. Reactions were added for HCO−3 and CO2 flux
at the new PPC membrane. As in the prior model, HCO−3 maximum uptake rate and
half-saturation constants for transport into the PPC were set equal to the values for uptake
into the chloroplast, and the mass transfer coefficient of CO2 across the PPC membrane
into the compartment was set to two-thirds of the chloroplast coefficient.
To model different SLC4-family transporter scenarios, accounting for the possi-
bility that transporters do not exist at every membrane, the presence of uptake reactions
was varied. Presence of the HCO−3 uptake reaction was considered at the chloroplast and
PPC membranes separately, resulting in three models described in Figure 2.1. Model
parameterization was modified as necessary, within reasonable values from literature, to
approach measured cellular CO2 and HCO−3 uptake and RubisCO flux rates.
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Figure 2.1: Three proposed pathways of P. tricornutum CCM, accounting for HCO−3
transport across the four-layered chloroplast envelope, with three membranes non-
permeable to HCO−3 . (a) Model A, with SLC4-family transporters at each of the non-
permeable membranes. (b) Model B, with SLC4 family transporters at the CER and
PPC membranes, and no active HCO−3 uptake across the chloroplast inner membrane.
CA activity in the chloroplast stroma is added to recapture CO2 leaking from the
pyrenoid. (c) Model C, with SLC4 family transporters at the CER and inner chloroplast
membranes and no active HCO−3 uptake across the PPC membrane.
16
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2.2 RNA-seq analysis
2.2.1 Gene identification and localization
Genes of interest to the CCM (Table 2.3) were identified for analysis through
inspection of gene-reaction rules in the genome scale model and predicted protein roles
from UniprotKB. Where necessary, gene IDs available in Uniprot were converted to gene
IDs corresponding to Ensembl Protist’s P. tricornutum Version 3 genome annotation
(Phatr3) by sequence comparison.
Table 2.3: Genes of interest to the CCM selected for RNA-Seq expression analysis.
Gene IDs refer to P. tricornutum version 3 annotation from Ensembl Protist
Gene ID Role Gene ID Role
Phatr3 Jdraft1806 HCO3 transport Phatr3 J39421 Chloride Transport
Phatr3 Jdraft52 HCO3 transport Phatr3 J28245 Chloride Transport
Phatr3 EG02360 HCO3 transport Phatr3 J52412 Chloride Transport
Phatr3 J45656 HCO3 transport Phatr3 EG01952 Chloride Transport
Phatr3 J54405 HCO3 transport Phatr3 J47784 Chloride Transport
Phatr3 J43194 HCO3 transport Phatr3 J38095 Chloride Transport
Phatr3 EG02538 HCO3 transport Phatr3 J43052 Sodium Transport
Phatr3 J1534 HCO3 transport Phatr3 J54164 Sodium Transport
Phatr3 J43233 Carbonic Anhydrase Phatr3 J10409 Sodium Transport
Phatr3 J35370 Carbonic Anhydrase Phatr3 J48886 Sodium Transport
Phatr3 J44526 Carbonic Anhydrase Phatr3 Jdraft1750 Sodium Transport
Phatr3 J55029 Carbonic Anhydrase Phatr3 J14403 Sodium Transport
Phatr3 J51305 Carbonic Anhydrase Phatr3 J1764 Sodium Transport
Phatr3 J45443 Carbonic Anhydrase Phatr3 J22353 Sodium Transport
Phatr3 J54251 Carbonic Anhydrase Phatr3 J43552 Sodium Transport
Phatr3 J42574 Carbonic Anhydrase Phatr3 Jdraft1680 Sodium Transport
Phatr3 J46097 Chloride Transport Phatr3 J17199 Sodium Transport
Phatr3 J43785 Chloride Transport
Localization for all identified and putative CAs was available through direct obser-
vation in published literature. All other localization was completed using the HECTAR
heterokont-specific localization prediction tool, with FASTA sequences obtained from
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UniprotKB [42].
2.2.2 File preparation
In an effort to understand how the expression of CCM-related genes changes in
response to varying external carbon conditions, as well as to identify potential CCM-
linked sodium and chloride transporters, RNA-seq analysis was performed. Data exists
from prior experimentation in which P. tricornutum gene expression was measured
through RNA-seq in 125 µE light at low (50 ppm), atmospheric (400 ppm) and high
(5000 ppm) CO2 levels [43].
Before the data could be analyzed, several steps of file preparation and formatting
were completed. First, the Sequence Read Archive (SRA) data, consisting of three
replicates at each condition for a total of nine files, was downloaded from NCBI and
converted to fastq format using the fastq-dump tool in the NCBI’s SRA toolkit [44].
Because the read data was paired, the split files flag of fastq-dump was enabled, resulting
in two fastq files produced for each experimental replicate.
Next, FASTA and GFF3 genome annotation files for the full P. tricornutum
genome were downloaded through the Ensembl FTP (file transfer protocol) server [45].
Bowtie 2 read alignment software, which is specialized for reads of 50 or more base
pairs in length, was used to generate an index from the FASTA file [46]. For each pair
of fastq files, Bowtie 2 alignment was then run against the index to produce a SAM
(sequence alignment map) file. The files were converted to BAM (binary alignment map)
format, sorted by read name, using SAMtools [47]. With the sequencing reads aligned,
htseq-counts was run in union mode against each BAM-format output file to obtain the
count of each gene per read [48].
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2.2.3 Differential gene expression analysis
Differential gene expression analysis was completed using the R programming
language [49]. All count files were loaded and merged to construct a single data frame of
gene counts per experiment, and CO2 level was specified for each. The DESeq2 package
was used to construct a data set of size factor normalized counts, then compute the
expression change across the experimental conditions [50]. The output for comparison
between each experimental group was taken as log2 fold change and p value, adjusted
to decrease the false discovery rate (FDR) using the Benjamini-Hochberg procedure.
Visualization of differential gene expression was completed using the plotCounts function
in DESeq2 and the ggplot2 package for R [51].
In analyzing the data, comparisons were made on the basis of normalized count
difference and direct fold change comparison. Fold change comparison was completed for
each experimental condition, resulting in three comparative data sets - atmospheric versus
low carbon (400ppm vs 50ppm), atmospheric versus high carbon (400ppm vs 5000ppm),
and low carbon versus high carbon (50ppm vs 5000ppm). An FDR of 0.10 was compared
against the Benjamini-Hochberg adjusted p-value to determine the significance of fold
change between experimental groups.
Chapter 3
Results
3.1 Kinetic modeling
3.1.1 Reconstructed model
The Mathematica version of Hopkinson’s chloroplast pump CCM model, created
using the MASS Toolbox kinetic modeling package, was initially constructed with the
same parameters as the base + P + CO2 model [34]. The steady state solution across
varied DIC levels (Figure 3.1b) was not consistent with either the published experimental
or modeled results (Figure 3.1a).
In order to achieve a better data fit, parameters of the model were adjusted. The
half-saturation constant for HCO−3 uptake into the chloroplast was returned to the SLC4
literature value of 140 µM. CA activity was reduced from 600 s−1 to the literature value
of 450 s−1 [34]. These changes resulted in a very strong alignment with experimental
values, as seen in Figure 3.1c.
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(a)
(b) (c)
Figure 3.1: Steady state fluxes for photosynthesis (P), calculated as the flux through the
RubisCO-catalyzed reaction, along with cellular CO2 uptake and cellular HCO−3 uptake.
(a) Results reprinted from Hopkinson (2013) show experimental measurements (points)
and Base+P+CO2 model output (lines). (b) Resulting fluxes for the reconstructed
Mathematica model. (c) Results after modifying parameterization of the Mathematica
model.
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3.1.2 Chloroplast envelope model
Adding a compartment to the basic model, representing a combined CER and
PPC, required further parameter adjustments and the addition of transport reactions. By
adjusting RubisCO content (mR) to the experimentally-derived literature value of 6.3E-18
mol/cell, setting the mass transfer coefficient into the new compartment as two-thirds
that of uptake to the chloroplast, and assuming the same half-saturation constant and
maximum uptake for HCO−3 as the chloroplast, the major fluxes in Figure 3.2 were
obtained.
Figure 3.2: Steady state fluxes for photosynthesis (P), calculated as the flux through
the RubisCO-catalyzed reaction, along with cellular CO2 uptake and cellular HCO−3
uptake for the model with a combined CER/PPC compartment.
Separating the CER and PPC into two distinct compartments to fully model the
chloroplast membrane complexity required further parameter adjustments, which were
explored in the creation of the three experimental models.
3.1.3 Experimental models
Experimental Model A (Figure 2.2a), in which SLC4 transporters are present at all
non-permeable membranes of the chloroplast envelope, required little modification from
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the parameterization of the combined compartment model. The added PPC membrane
maintained the same CO2 mass transfer and HCO−3 transport parameters as the CER
membrane. The permeability of the pyrenoid was increased just slightly, adjusting the
mass transfer coefficient from 4.0e-13 to 5.0e-13 liters per second, an intermediate value
between the Hopkinson (2014) Base+P+CO2 model value of 4.0e-13 liters per second,
and the prior literature value of 6.7e-13 liters per second [21]. All other parameters were
carried over from the preceding model. The resulting fluxes under atmospheric carbon
conditions, at 20°C with a buffered external pH of 8.02, are depicted in Figure 3.3.
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Figure 3.3: Steady-state fluxes of major DIC transport and reactions in Model A. Basic
flux map created using Escher Maps web tool. Model was simulated under the condition
of atmospheric CO2 levels bubbled into culture, with pH buffered to 8.02.
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Experimental Model B (Figure 2.2b) presents a CCM without active HCO−3
uptake to the chloroplast. SLC4 family transporters remain on both the CER and PPC
membranes. This model required significant modification to the parameterization of
Model A.
The mass transfer coefficient for CO2 across the PPC membrane was adjusted
slightly, set to be equal to the value of the mass transfer coefficient across the chloroplast
membrane rather than the CER membrane. The permeability of the pyrenoid was
increased, adjusting the mass transfer coefficient to the literature value of 6.7e-13 liters
per second [21]. Carbonic anhydrase activity was required to be added to the chloroplast
stroma. This model was very sensitive to changes in pH at the pyrenoid, reaching closest
to expected flux values at atmospheric CO2 conditions when at a neutral pH of 7. The
resulting fluxes under atmospheric carbon conditions, at 20°C with a buffered external
pH of 8.02, are depicted in Figure 3.4.
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Figure 3.4: Steady-state fluxes of major DIC transport and reactions in Model B. Basic
flux map created using Escher Maps web tool. Model was simulated under the condition
of atmospheric CO2 levels bubbled into culture, with pH buffered to 8.02.
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Experimental Model C (Figure 2.2c) presents a CCM without active HCO−3
uptake across the PPC membrane, but with SLC4 family transporters on both the CER and
chloroplast membranes. For this model, permeability of the CER and PPC membranes to
CO2 were increased, with mass transfer coefficients set to 1.5e-11 liters per second. This
was within the permeability range of the chloroplast membrane calculated by Hopkinson
(2011) and is also intermediate between the chloroplast and plasma membrane mass
transfer coefficients [22]. Additionally, rather than dividing CA equally between the CER
and PPC, in this model it was more heavily distributed to the PPC. The resulting fluxes
under atmospheric carbon conditions, at 20°C with a buffered external pH of 8.02, are
depicted in Figure 3.5.
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Figure 3.5: Steady-state fluxes of major DIC transport and reactions in Model C. Basic
flux map created using Escher Maps web tool. Model was simulated under the condition
of atmospheric CO2 levels bubbled into culture, with pH buffered to 8.02.
31
32
3.2 RNA-seq analysis
3.2.1 Carbonic anhydrase
RNA expression data was analyzed for three identified and five putative CA
encoding genes. The identified genes are Phatr3 J51305 and Phatr3 J45443, localized
to the pyrenoid, and Phatr3 43233 localized to the pyrenoid-penentrating thylakoid
[52, 32, 33]. The putative genes are Phatr3 J35370 and Phatr3 J44526, localized to the
PPC, and Phatr3 J54251, Phatr3 J42574 and Phatr3 J55029, localized to the CER [31].
Normalized counts of these genes at 50, 400, and 5000 ppm supplied CO2 are
plotted in Figure 3.6. Log2 fold change comparisons of each experimental condition
with standard error and p-value, adjusted for false discovery rate using the Benjamini-
Hochberg procedure, are presented in Table 3.1.
Generally, expression of CA genes appears to be elevated at the sub-atmospheric
level of 50 ppm or, in some cases, unaffected by changing CO2 conditions. Only the
pyrenoid-penetrating thylakoid localized Phatr3 J43233 displayed significant difference
in expression between the 400 ppm and 5000 ppm groups, though there was no significant
difference in expression of this gene in comparative expression between 50 and 5000 ppm.
Meanwhile, there is significant elevation of gene expression at 50 ppm CO2 for 5 genes:
PPC-localized Phatr3 J44526, pyrenoid-localized Phatr3 J51305 and Phatr3 J45443,
and CER-localized Phatr3 J54251 and Phatr3 J42574. Phatr3 J54251 had the largest
expression change, with a log2 fold change increase of 2 from high to low CO2. Overall,
CA gene expression is elevated at low CO2 for at least one gene within each CCM-relevant
compartment, with the exception of the pyrenoid-penetrating thylakoid.
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Figure 3.6: Expression levels of identified and putative carbonic anhydrase encoding
genes at varying CO2 levels, given as DESeq2-normalized gene counts using the
plotCounts function.
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Table 3.1: Gene expression log2 fold change (log2FC), standard error (SE) and
Benjamini-Hochberg adjusted p value (padj) for identified and putative carbonic anhy-
drase encoding genes.
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3.2.2 HCO−3 transporters
RNA expression data was analyzed for eight putative HCO−3 transporter encoding
genes: Phatr3 EG02360, Phatr3 EG02538, Phatr3 J1534, Phatr3 J43194, Phatr3 J45656,
Phatr3 J54405, Phatr3 Jdraft1806 and Phatr3 Jdraft52. Localization by the HECTAR
tool predicted Phatr3 J43194 and Phatr3 J45656 to be targeted to the chloroplast, Phatr3 -
Jdraft1806 and Phatr3 Jdraft52 to have a signal anchor, and Phatr3 EG02360, Phatr3 EG-
02538 and Phatr3 J54405 to have other localization [42]. Phatr3 J1534 localization
could not be predicted as the available sequence was a fragment not beginning with
methionine.
Normalized counts of these genes at 50, 400, and 5000 ppm supplied CO2 are
plotted in Figure 3.7. Log2 fold change comparisons of each experimental condition
with standard error and p-value, adjusted for false discovery rate using the Benjamini-
Hochberg procedure, are presented in Table 3.2.
No significant difference could be found between expression at atmospheric and
high CO2 conditions for any of the analyzed genes. Significant differences were found
for expression between low and high CO2 for Phatr3 EG02360, Phatr3 J54405 and
Phatr3 J45656. While Phatr3 EG02360 and Phatr3 J54405 expression was elevated
at 50 ppm CO2, expression of the chloroplast-targeted Phatr3 J45656 was repressed.
Phatr3 EG02360 had the largest expression change, with a log2 fold change increase of
4 from atmospheric to low CO2.
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Figure 3.7: Expression levels of identified and putative HCO−3 transporter encoding
genes at varying CO2 levels, given as DESeq2-normalized gene counts using the
plotCounts function. HECTAR was used for localization prediction [42].
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Table 3.2: Gene expression log2 fold change (log2FC), standard error (SE) and
Benjamini-Hochberg adjusted p value (padj) for identified and putative HCO−3 trans-
porter encoding genes.
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3.2.3 Na+ and Cl− transporters and channels
RNA expression data was analyzed for eleven Na+ and eight Cl− transporter
and channel encoding genes. The putative gene products of Na+ transport-related
genes include Na+/H+ antiporters (Phatr3 Jdraft1750, Phatr3 J43552, Phatr3 J43052,
Phatr3 J48886, Phatr3 J10409, Phatr3 J22353, Phatr3 J14403, Phatr3 J1764), Na+/Ca2+
exchangers (Phatr3 Jdraft1680, Phatr3 J17199) and a voltage-gated cation channel
(Phatr3 J54164). The gene products of all identified putative Cl− transport related
genes (Phatr3 J46097, Phatr3 J43785, Phatr3 J39421, Phatr3 J28245, Phatr3 J52412,
Phatr3 EG01952, Phatr3 J47784, Phatr3 J38095) are predicted to be voltage-gated chlo-
ride channels.
Normalized counts of these genes at 50, 400, and 5000 ppm supplied CO2 are
plotted in Figures 3.8 and 3.9. Log2 fold change comparisons of each experimental
condition with standard error and p-value, adjusted for false discovery rate using the
Benjamini-Hochberg procedure, are presented in Table 3.3.
Two putative Na+/H+ antiporter encoding genes are up-regulated at low CO2 -
Phatr3 J14403 and Phatr3 J43052. While localization of Phatr3 J14403 is unable to be
predicted, Phatr3 J43052 has a signal anchor, indicating presence in either the plasma
membrane or CER membrane. The putative Na+/Ca2+ encoding gene Phatr3 Jdraft1680,
which has a signal peptide, is down-regulated at elevated CO2. The putative Na+ voltage-
gated channel encoding gene, Phatr3 J54164, did not show differential expression at high
or low CO2 levels.
Among putative Cl− channel-encoding genes, there was no statistically significant
variation in gene expression across experimental CO2 conditions.
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Figure 3.8: Expression levels of putative Na+ transporter encoding genes at varying
CO2 levels, given as DESeq2-normalized gene counts using the plotCounts function.
HECTAR was used for localization prediction [42]. Where sequences were fragments
not starting with methionine, localization is undetermined.
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Figure 3.9: Expression levels of putative Cl− transporter encoding genes at varying
CO2 levels, given as DESeq2-normalized gene counts using the plotCounts function.
HECTAR was used for localization prediction [42].
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Table 3.3: Gene expression log2 fold change (log2FC), standard error (SE) and
Benjamini-Hochberg adjusted p value (padj) for putative Na+ and Cl− transporter
encoding genes.
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Chapter 4
Discussion
4.1 Kinetic models
This study begin with a simple recreation of an existing kinetic model of P.
tricornutum CMM. This initial model differs from the Hopkinson model it is intended to
replicate in that HCO−3 is treated as its own species, rather than pooling it with CO
2−
3 .
Additionally, the Hopkinson model was written and solved in MATLAB, while this
model was made in Mathematica, written and simulated using the MASS Toolbox, and
mass action formulation was used wherever possible. The resulting steady state fluxes
plotted in Figure 3.1a were quite different from the expectation that values would match
those achieved by Hopkinson. However, by returning cytoplasmic CA activity and half-
saturation constant for chloroplastic HCO−3 uptake to values identified in prior literature,
a very strong fit to experimental results was obtained.
While this model relies on an assumption that CA is present in the cytoplasm,
which there is no evidence for, the overall parameterization of a simplified CCM results
in a strong model for prediction of DIC uptake and carbon fixation for a range of
extracellular conditions.
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Expanding the model to more accurately compartmentalize CA in the CER and
PPC represented as a combined compartment, rather than the cytoplasm, led to further
accuracy in the model parameterization. With the addition of the compartment, RubisCO
content of the model cell was reduced to the experimental literature value, and still able
to model a strong data fit.
Finally, separating the CER and PPC into distinct compartments, the model could
be adjusted to determine the feasibility of possible SLC4 family HCO−3 transporter
localization scenarios. With as yet unpublished evidence that only two such transporters
are encoded in the P. tricornutum genome, it may be the case that they are only present on
two of the envelope membrane. It is also possible, though unlikely, that one transporter is
localized to two membranes, resulting in a transporter at every membrane as in Model A.
Model A is parameterized with experimental values where they are available,
and only slightly strays outside the expected permeability to CO2 for the CER and PPC
membranes. The fluxes resulting from simulation under atmospheric CO2 levels are as
expected. If SLC4 transporters are able to be localized to all chloroplast envelope mem-
branes, this may serve as an in silico model for further development and experimentation.
However, under current parameterization the behavior of this model across a range of
DIC concentrations is not as expected, and as such the model requires further refinement.
Model B required a significant divergence from current knowledge in order to
simulate expected flux values – the addition of CA to the chloroplast stroma. There is
no evidence for this enzyme in the stroma, though as demonstrated by the more recent
identification of a θ-CA in the pyrenoid-penetrating thylakoid, it may remain to be
discovered [33]. The sensitivity of this model to pyrenoidal pH is reasonable. With
thylakoidal pH being linked to the photosynthetic light reactions, and the proximity of the
pyrenoid to the thylakoid, including the presence of a pyrenoid-penetrating thylakoid, this
may serve as a control mechanism for carbon fixation. However, this model makes little
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use of the known CAs in the CER and PPC, using them, apparently, only to futilely cycle
DIC, perhaps for storage purposes. Additionally, the model does not fit experimental
data when run against a range of external DIC concentrations. It does not seem likely
that Model B is an accurate representation of the CCM in P. tricornutum.
Model C provides a very intriguing option. All parameterization falls within
literature values, including high permeability of the CER and PPC membranes to CO2.
The CA separated between the CER and PPC serves two distinctly different roles. CA in
the CER converts HCO−3 , actively taken up into the cell, to CO2 to diffuse into the PPC.
CA in the PPC draws down CO2 into HCO−3 , bringing in CO2 from the CER while also
recycling CO2 that has leaked from the chloroplast back to HCO−3 , to in turn be actively
transported back toward the pyrenoid. Additionally, the DIC upatke and RubisCO fluxes
at a range of DIC concentrations calculated by this model fit experimental results very
well. With the likelihood that only two SLC4 family transporters are present on the
three non-permeable membranes of the chloroplast envelope, Model C is proposed as the
appropriate mechanism.
4.2 Gene expression
It is known that protein contents of an organism cannot be quantified by transcrip-
tion data. A variety of transcription factors influence this dynamic relationship between
the transcriptome and the proteome. However, there is a correlation between the two,
and gene expression is one cellular control mechanism for protein activity [53]. This
knowledge is used to inform our understanding of the CCM in P. tricornutum.
RNA-seq analysis for differential expression of known and putative CA encoding
genes revealed strong transcriptional regulation at low CO2. At least one CA gene in
each CA-containing compartment included in the CCM models is upregulated at sub-
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atmospheric CO2 concentration. This indicates an adaptation by the organism to increase
the already rapid interconversion of CO2 and HCO−3 , increasing CO2 concentration
around RubisCO and increasing DIC flux into the cell.
RNA-seq analysis for differential expression of known and putative HCO−3 trans-
porters shows that there is no significant difference in expression between atmospheric
and high CO2 conditions. At high carbon levels, P. tricornutum does not appear to
transcriptionally regulate HCO3 uptake at any membrane, despite having sufficient ex-
tracellular CO2 to surpass the half saturation concentration of RubisCO. At low CO2,
two genes are significantly upregulated. Though HECTAR was unable to provide a
strong prediction for localization, classifying them as ’Other’, it is likely that these are
targeted to the CER, PPC, or plasma membrane, as they lack the expected motif for
chloroplast targeting. This expression fits expected bahavior, as at decreased extracellular
CO2 conditions, the cell must increase active DIC uptake.
The chloroplast targeted HCO−3 transporter gene Phatr3 J45656 is strongly down-
regulated at low CO2. This is an unexpected result given the CCM models included in
this work. It would be expected that, needing to pump in DIC toward the pyrenoid with
less available, chloroplast membrane transporters would be increased to achieve a higher
flux. This does not happen, and the only other chloroplast-targeted transporter gene
identified, (Phatr3 J43194), does not change its expression to account for the difference.
It can thus be posited that P. tricornutum adapts to use a secondary CCM under extremely
low CO2 conditions. It may be that a C4-style mechanism becomes prominent under
such conditions, or it may adapt to use different pathway entirely.
Na+ and Cl− transporters and channels identified in the genome were analyzed
in order to supplement HCO−3 transport analysis. The SLC4 family transporters in the
P. tricornutum genome are believed to be Na+ symporters/Cl− antiporters. As such,
determining any expression change of genes related to Na+ and Cl− membrane transport,
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particularly in tandem at the same membrane, would be of interest. However, no signifi-
cant expression changes were observed in any Cl− channels. The upregulation of two
Na+ transporters at low CO2 and down-regulation of another at high CO2 provides some
evidence for increased HCO−3 transport across the plasma and/or CER membranes. This
is not the only explanation for expression change, though, as Na+ has many functional
roles in metabolism. Two of these transporters were also exchanging H+, and their
expression regulation may instead be related to cellular pH maintenance.
4.3 Conclusions
In this study, kinetic modeling was used to evaluate proposed CCM pathways for
the diatom P. tricornutum, and RNA-seq analysis of previously published experimental
results was completed for genes of interest to the CCM. Through this process, a mech-
anism for carbon concentration for cells adapted to atmospheric carbon conditions has
been presented. Additionally, it is proposed that a secondary mechanism is used when
the organism is adapted to sub-atmospheric CO2 conditions. It is recommended that
localization and characterization of HCO−3 transporters already identified in the genome
be completed, in order to provide evidence for or against the proposed CCM models.
Further gene expression analysis to determine possible changes in the CCM pathways at
low CO2 is also recommended. The analysis in this work, based primarily on previously
published information, shows that in silico experimental modeling can not only be used
to model experimental results, but also to provide direction for future laboratory research.
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